In this work, effects of Hall current and suction/injection on a steady, viscous, incompressible and electrically conducting third grade fluid past a semi-infinite plate with entropy generation is investigated. It is assumed that the fluid motion is induced by applied pressure gradient. Hot fluid is injected with a constant velocity at the injection wall while it is sucked off at the upper wall with the same velocity. The governing equations of Navier-Stoke, energy and entropy generation obtained are non-dimensionalised, the resulting dimensionless velocity and temperature profiles are solved by Adomian decomposition technique due to the nonlinearity of the coupled system of equations. The obtained solution for the velocity profile is validated by the exact solution and the existing one in literature at M = 0 and the analytical expressions for fluid velocity and temperature are utilized to calculate the entropy generation and irreversibility ratio. Various plots are presented and discussed. It is found that increasing Hall current parameter increases primary velocity, temperature, entropy generation and Bejan number while the reverse trend is observed when both suction/injection and magnetic field parameters are increased. It is also noticed that entropy production at the upper wall is due to heat transfer.
Introduction
*Recent advancement in technology has led to a renewed interest in the investigation of nonNewtonian fluids. These types of fluids cannot be described by the classical Navier-Stokes equation because they are of higher order and more complex, consequently various constitutive equations have been developed for the nonNewtonian fluids. The proposed models include Eyring-Powell model (Eldabe et al., 2003; Zueco and Bég, 2009; Rahimi et al., 2016) ; the couple stress model (Srinivasacharya and Srikanth, 2008; Srinivasacharya and Kaladhar, 2012; Adesanya and Makinde, 2012) ; second grade fluid model (Vajravelu and Roper, 1999; Siddiqui et al., 2003; Wenchang and Mingyu, 2004; Hayat et al., 2007) (which is the simplest subclass of non-Newtonian fluid, however this model has the limitation of not being able to predict the shear thinning/thickening properties) and the third grade fluid model
The study of magnetohydrodynamic flow has been extensively investigated in the past years as a result of its applications in plasma studies, MHD generators, nuclear reactor, metal purification, geothermal energy extractions, polymer technology and metallurgy. Numerous qualitative investigations with outstanding results have been conducted by various researchers such as Adesanya and Makinde (2012) used Eyring-Powell model to investigate heat transfer to magnetohydrodynamic non-Newtonian couple stress pulsatile flow between two parallel porous plates, Hassan and Gbadeyan (2015) examined a reactive hydromagnetic internal heat generating fluid flow through a channel. Shehzad et al. (2015) considered influence of convective heat and mass conditions in MHD flow of nanofluid. MutukuNjane and Makinde (2013) employed fourth-order Runge-Kutta with shooting technique to study the effects of buoyancy force and Navier slip on MHD flow of a Nanofluid over convectively heated vertical porous plates. Hayat et al. (2015) examined the effect of inclined magnetic field in flow of third grade fluid with variable thermal conductivity and submitted that higher values of magnetic field enhances the skin-friction, the temperature and concentration profiles of the fluid. Gbadeyan et al. (2010) considered the radiative effect on velocity, magnetic and temperature fields of a magnetohydrodynamic oscillatory flow past a limiting surface with variable suction. Rashidi et al. (2011) reported on hydromagnetic multi-physical flow phenomena from a rotating disk, differential transform method was applied, and it was shown that increase in magnetic parameter (M) suppresses radial velocity, decreases tangential velocity and elevates axial velocity. Furthermore, Mohamed (2009) studied the unsteady MHD flow over a vertical moving porous plate with heat generation and Soret effects. Aydin and Kaya (2008) investigated radiation effect on MHD mixed convection flow about a permeable vertical plate. Also, Adesanya et al. (2015a) examined hydromagnetic natural convection flow between vertical parallel plates with time-periodic boundary conditions.
All the above mentioned studies are limited only to applications where Hall Effect is negligible due to the assumption of small and moderate values of the magnetic field. The current trend of research is toward a strong magnetic field and a low density gas because of its numerous applications such as in space flight, nuclear fusion research, magnetohydrodynamic generators, refrigeration coils, electric transformers, Hall accelerators as well as biomedical engineering (such as cardiac MRI and ECG). Hall current occurs in a situation where the applied magnetic field is very strong or an ionized gas with low density leading to a reduction in conductivity normal to the magnetic field, as a result of the free spiraling of electrons and ions around the magnetic lines of force before collisions. This then induces a current in direction normal to both electric and magnetic fields. This is referred to as Hall Effect; the induced current is called Hall current. Several research work on this subject under various flow configurations are found in literature: Raptis and Ram (1984) studied the effects of hall current and rotation on the flow of electrically conducting rarefied gas, the work shows that as Hall parameter increases, the primary velocity increases near the plate and decreases away from the plate while the secondary velocity decreases. Abd El-Aziz and Nabil (2012) applied homotopy analysis method in the study of hydromagnetic mixed convection flow past an exponentially stretching sheet with Hall current. In Das et al. (2012) , Hall effects on unsteady hydromagnetic flow induced by a porous plate was considered, it was observed that the primary velocity decreases whereas the secondary velocity increases with an increase in Hall parameter. Combined effects of Hall and ion-slip currents on unsteady MHD Couette flows in a rotating system was reported by Jha and Apere (2010), it was argued that Hall and ion slip parameters had a reducing effect on the magnitude of the secondary velocity, other results on Hall effect are found in Pal et al. (2012) , Asghar et al. (2005) , Aboeldahab and Elbarbary (2001) , Abo-Eldahab and El Aziz (2004) , Ahmad et al. (2010) , Ayub et al. (2010) .
The emphasis of this article is to investigate the influence of Hall current and suction/injection on the entropy generation of a third grade fluid. This subject is essential due to the fact that entropy generation occurs in moving fluid with high temperature; it is therefore pertinent to examine the effect of factors such as Hall current and suction/injection on entropy production. In this article the approach pioneered by Bejan (1982) and adopted by several other researchers such as Adesanya et al. (2015b) , Ajibade et al. (2011) , Eegunjobi and Makinde (2012) , Opanuga et al. (2016 Opanuga et al. ( , 2017a , Bouabid et al. (2011) is applied. Adomian decomposition technique is chosen for the analysis of the dimensionless governing equations because it is a powerful tool for handling highly nonlinear problems (Opanuga et al., 2017d; e) . Moreover, the method is noted for its high accuracy and rapid convergence, it does not require any linearization, discretization, use of initial guess or perturbation.
The rest of this work is organized as follows: section 2 presents the flow analysis and nondimensionalisation of the governing equations, in section 3 analytical solution by Adomian method is constructed, and in section 4 graphical results are presented and discussed based on the physics of the problem while section 5 concludes the work.
Mathematical formulation
Consider a steady, viscous, incompressible and electrically conducting fluid past a semi-infinite plate in the presence of a transversely imposed magnetic field with distance 2ℎ apart. Let the coordinate system be such that the − is taken along the lower plate in the flow direction, the − is normal to the − while − is perpendicular to the plates. A constant pressure gradient is induced in the flow direction; hot fluid is injected into the channel wall at the lower plate and sucked off at the upper plate with the same velocity. Following Cowling (1957) the generalized Ohm's law taking the effect of Hall current into account is
Furthermore, it is assumed that if = , , , are the components of the current density , the equations of conservation of electric charge ∇ • = 0 shows that is constant which is assumed to be zero because = 0 at the plates which are electrically non-conducting. It then implies that = 0, everywhere in the flow. Furthermore, the electrical field = 0 following Meyer (1958) . Under these assumptions equation (1) yields
where = represents the Hall parameter. Solving equations (2) and (3) for and yields
The governing equations for the flow under Boussinesq's approximation following Das and Jana (2013) and Adesanya et al. (2017) 
The following dimensionless variables are introduced 
Positive value of s (suction/injection parameter) indicates injection of hot fluid at the lower wall and suction at the upper wall.
Solution by Adomian decomposition method
To apply Adomian decomposition method, equations (10-12) are written in integral form as 
and
By ADM, an infinite series solution is defined as
Using (16) 
The zeroth order term of (17-19) are of the form
The following recurrence relations are used to obtain other terms
The non-linear terms of equation (22-24) can be written as 
Entropy generation
The local volumetric entropy generation rate for the flow according to Bejan (1982) is shown below, 
Equation (33) shows that heat transfer, fluid friction and magnetic field contribute to entropy generation. Substituting equation (9) 
Irreversibility ratio is represented as shown below
where
Note that 1 is the irreversibility resulting from heat transfer while 2 is entropy generation due to viscous dissipation magnetic field. The determination of the source of irreversibility that dominates entropy generation is evident from equation (35). Heat irreversibility dominates when = 1 and = 0corresponds to when viscous dissipation is the dominant contributor to entropy generation; while = 0.5 is assigned when both contribute equally.
Results and discussion
In this article, Hall current effect on the entropy generation rate of a third grade fluid with suction/injection has been investigated. The results are presented as follows in Figs. 1-12. 
Effect of thermophysical parameters on velocity profile
In Figs. 1a and 1b , the effects of Hall current on fluid velocity is displayed, it is noticed that primary velocity is enhanced with an increase in Hall parameter whereas secondary velocity reduces. Figs. 2a and 2b display the influence of suction/injection on fluid motion; the plots reveal that both primary and secondary velocities reduce as suction/injection parameter increases. This indicates that the net effect of suction is to decrease fluid motion as submitted by Pop and Watanabe (1992) and Uwanta and Hamza (2014) . 
Effect of thermophysical parameters on temperature profile
In this section, the influence of thermophysical parameters such as Hall current, suction/injection and magnetic field parameters on fluid temperature are discussed. Fig. 4 shows that fluid temperature is enhanced as Hall parameter value increases; the effect is more significant in the middle of the channel than at the channel walls as observed from the plot. In Fig. 5 , increase in suction/injection parameter raises fluid temperature at the lower and middle channels while the effect is less significant between plate y=0.6 and y=1. Injection of hot fluid into the channel at the lower wall and blowing at the upper wall is attributed to this observation. Further, it is observed in Fig. 6 that fluid temperature increases with increasing values of Hartman number, the rise is due to the Lorentz heating which is present in the flow.
Effect of thermophysical parameters on entropy generation
Effects of Hall current, suction/injection and magnetic field parameters on entropy generation rate are depicted in Figs. 7-9 . Fig. 7 indicates that entropy generation increases with increase in Hall current both at the walls and center of the channel. Fig. 8 demonstrates the influence of suction/injection parameter on entropy generation, it is indicated that entropy is enhanced at the lower wall with injection of hot fluid whereas a reverse phenomenon is observed at the upper wall. Fig. 9 presents the effect of magnetic field parameter on the entropy generation rate. It is interesting to note that entropy production is suppressed at the channel walls but increases in the middle of the channel. 
Effect of thermophysical parameters on Bejan number
In Figs. 10-12 the response of Bejan number to variation of Hall, suction/injection and magnetic field parameters are presented. Generally it is observed that Bejan number increases at the upper wall while it is either not significant or reduced at the lower wall. It is noted from the above that entropy generation at the upper plate is due to heat transfer. 
Conclusion
In this article, Hall current and suction/injection effects on the entropy generation rate of third grade fluid is investigated. Graphs are presented to explain the obtained results and base on the results, the following conclusions are made:
1. Increase in Hall current parameter increases primary velocity, fluid temperature, entropy generation and Bejan number, 2. Suction/injection reduces both primary and secondary velocities, increases fluid temperature while Bejan number is enhanced only at the upper plate, 3. Magnetic field parameter inhibits fluid velocity, raises fluid temperature, entropy generation (in the middle of the channel) and Bejan number (at channel walls), 4. Generally entropy generation at the upper wall is due to heat transfer.
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